One of the most menacing consequences of drug addiction is the devaluation of natural rewards (e.g. food, sex, work, money, caring for one's offspring). However, evidence also suggests that natural rewards, such as an enriched environment, can devalue drugs of abuse. Thus, this study used a rodent model to test whether exposure to an enriched environment could protect adult rats from acquiring cocaine self-administration and from the resultant drug-induced devaluation of a natural saccharin reward cue. Adult male Sprague-Dawley rats were implanted with intravenous jugular catheters. Rats were then separated into two housing conditions: an enriched condition, including social companions(four/cage) and novel objects (e.g. balls, polyethylene tubes, paper, etc.), and a nonenriched condition where the rats were singly housed with no novel objects. During testing, the rats were given 5-min access to 0.15% saccharin, followed by 1 h to self-administer saline or cocaine (0.167 mg/infusion) on fixed ratio and progressive ratio schedules of reinforcement. The results showed that rats that were singly housed in the nonenriched environment fell into two groups: low drug-takers (n = 34) and high drug-takers (n = 12). In comparison, only one out of the 22 rats housed in the enriched environment was a high drug-taker. Thus, all rats in the enriched environment, except one, behaved like low drug-takers under the nonenriched condition. As such, these rats self-administered almost no drug on either the fixed ratio or the progressive ratio schedule of reinforcement and were extremely slow to self-administer their first cocaine infusion. Interestingly, despite their very low levels of drug self-administration, low-drug-taking rats housed in the enriched environment continued to avoid intake of the drug-associated saccharin cue. Taken together, these data suggest that the enriched environment itself served as a salient natural reward that reduced cocaine seeking and cocaine taking, but had little impact on avoidance of the cocaine-paired taste cue. The protective effects of the enriched environment were robust and, as such, have important implications for the methods used in the study of drug addiction in animal models and for the prevention, and possibly the treatment, of the disease in adult humans.
Introduction
Substance abuse and dependence persist as major health concerns in the USA. Alarmingly, 17% of Americans meet the diagnostic criteria for some form of substance dependence, excluding tobacco dependence (Anthony and Helzer, 1991) , which is nearly twice the incidence of depression (9.5%; National Institute of Mental Health, 2000) and 17 times the incidence of schizophrenia (1%; National Institute of Mental Health, 2006) . According to a recent report published by the National Institute on Drug Abuse, 36.8 million Americans have used cocaine at least once, 8.4 million have used crack cocaine, 3.8 million have used heroin, 555 000 have used ecstasy, 15.2 million have used marijuana, and 70.9 million have smoked cigarettes (National Institute on Drug Abuse, 2008) . In addition, substance abuse costs our nation an estimated $484 billion in annual expenses (diabetes and cancer impose costs of $132 billion and $172 billion, respectively) (National Institute on Drug Abuse, 2005).
The severity of the problem is further compounded by the fact that addiction is a chronic, relapsing disease of the brain, instituting long-lasting changes in the brain function that interact with numerous environmental factors (O'Brien, 1997) . One such interaction involves the devaluation of natural rewards (e.g. food, sex, work, money, caring for one's offspring) by drugs of abuse (Jones et al., 1995; Santolaria-Fernández et al., 1995; Nair et al., 1997; Goldstein et al., 2007; Wilson et al., 2008) . Previously, we and other investigators have shown that rats suppress the intake of a palatable solution (e.g. saccharin) when that solution serves as a cue predicting access to a drug of abuse (Le Magnen, 1969; LeBlanc, 1971, 1977; Grigson et al., 2000; Grigson and Twining, 2002) . The data suggest that suppression of intake of the taste cue (referred to as the conditioned stimulus or CS) is due, in part, to the comparison of the two disparate rewards and the resultant devaluation of the lesser-valued saccharin reward cue (Grigson, 1997; Grigson, 2008) . As such, this paradigm serves as a potential model for the study of drug-induced devaluation of natural rewards.
Whereas addiction is a devastating disease and drugs can devalue natural rewards, the converse can also be true. For example, certain factors (e.g. exposure to sweets) have been shown to have protective influences on drugtaking and drug-seeking behaviors (Carroll and Lac, 1993; Higgins et al., 1993; Liu and Grigson, 2005; Lenoir and Ahmed, 2007) , and much work has been performed in the field of environmental enrichment. In fact, environmental enrichment has been shown to reduce the rewarding effects of cocaine, nicotine, and heroin (Green et al., 2003; El Rawas et al., 2008; Solinas et al., 2008a) , reduce self-administration of amphetamine (Bardo et al., 2001; Green et al., 2002) , enhance the extinction of amphetamine self-administration (Stairs et al., 2006) , and attenuate reinstatement of drug seeking induced by drugs, drug-associated cues, and stress (Stairs et al., 2006; Chauvet et al., 2009 ). In addition, environmental enrichment has been shown to cause several neuroanatomical and neurochemical changes in the reward circuitry of the brain (Bezard et al., 2003; Zhu et al., 2005; Solinas et al., 2008b) , specifically in the mesocorticolimbic dopamine system, which responds to natural rewards, but subsequently may be exploited by drugs of abuse (see Kelley and Berridge, 2002 for a review).
While extremely valuable, the aforementioned environmental enrichment studies did not lend themselves to the investigation of the impact of environmental enrichment on the acquisition of drug self-administration behavior or on the drug-induced devaluation of a natural reward in adulthood. First, several of the studies described above initiated exposure to enrichment during adolescence, and not during adulthood (Bardo et al., 2001; Bezard et al., 2003; Stairs et al., 2006; El Rawas et al., 2008; Solinas et al., 2008a) . Second, many of the studies that were conducted in adult subjects used paradigms, where the drug was administered passively by the experimenter (e.g. conditioned place, preference, or sensitization), rather than selfadministered (Bezard et al., 2003; Green et al., 2003; El Rawas et al., 2008; Solinas et al., 2008a) . Third, when an active drug self-administration paradigm was employed with adult rats, environmental enrichment did not begin until after the acquisition of self-administration behavior (Chauvet et al., 2009) . Finally, no environmental enrichment studies have been conducted to determine whether environmental enrichment will reduce not only responding for a drug, but also avoidance (i.e. devaluation) of a drugassociated natural reward cue.
Thus, in this study, we were interested in determining whether the protective effects of environmental enrichment discussed above could be extended to rats that were placed in enriched environments only as adults and then trained in an active cocaine self-administration paradigm thereafter. In addition, in an effort to assess the effect of environmental enrichment on drug-induced devaluation of natural rewards, access to cocaine was signaled by the availability of a palatable saccharin cue (Grigson and Twining, 2002) . We hypothesized that nonenriched rats under the saccharin-cocaine condition would readily selfadminister cocaine and exhibit high levels of goaldirected behavior toward the cocaine-associated operandum. Housing in the enriched environment, in contrast, was expected to prevent cocaine self-administration and to cause a reduction in goal-directed behavior. Finally, we hypothesized that nonenriched (singly housed) rats would avoid intake of the saccharin cue when it predicted imminent access to cocaine and that environmental enrichment would prevent that suppression (i.e. allow for normal intake of the natural reward cue).
Methods

Subjects
This study was conducted in three identical replications. The subjects included 116 (n = 40 for Replication 1, n = 40 for Replication 2, and n = 36 for Replication 3) naive, male Sprague-Dawley rats (Charles River Laboratories, Raleigh, North Carolina, USA), of approximately 3 months of age (300-400 g in weight) at the beginning of the experiment. Because of complications during surgery, seven rats were eliminated from the study. Also, data from three rats were excluded because of operant chamber malfunction. An additional 16 rats were eliminated because of the loss of catheter patency, leaving 90 rats for behavioral training and experimental testing (described below). The rats were maintained on a 12-h lightdark cycle, with lights on at 07 . 00 h. They were allowed free access to food (Harlan Teklad, Madison, Wisconsin, USA) and water, except where otherwise noted.
Housing conditions
All rats were received from the provider and immediately placed in quarantine, where they remained for a period of 1 week. After quarantine, the rats were acclimated to the colony room for 1 week. As is standard for our laboratory, during quarantine and acclimation, the rats were housed in groups of five to six in wire mesh cages (38.0 cm in length Â 46.0 cm in width Â 20.0 cm in height). Following the quarantine and acclimation periods, the rats were split into nonenriched environment (non-EE; n = 59) and enriched environment (EE; n = 31) groups. Environmental enrichment consisted of two separate manipulations: group housing and introduction of novel objects. First, rats in the non-EE group were housed individually in standard wire mesh cages (38.0 cm in length Â 21.5 cm in width Â 20.0 cm in height) throughout the study, whereas rats under the EE condition were housed in groups of four in the large wire mesh cages described above. After 9 days of group (EE) or single (non-EE) housing, novel objects (e.g. balls, polyethylene tubes, paper, etc.) were placed in the cages of the EE rats. These objects were changed daily for the duration of the experiment. Throughout all behavioral training and experimental testing, all rats (non-EE and EE) were housed in the same colony room with temperature, humidity, and ventilation controlled automatically.
Catheter construction and implantation
Intrajugular catheters were custom-made in our laboratory as described by Twining et al. (2009) . Rats were anesthetized and catheters were implanted into the jugular vein, as described by Twining et al. (2009) . Following surgery, novel objects were placed in the cages of the EE rats and all rats were allowed at least 2 days to recover. General maintenance of catheter patency involved daily examination and flushing of catheters with heparinized saline (0.2 ml of 30 IU/ml heparin). The catheter patency was verified, as needed, using 0.2 ml of propofol (diprivan: 1%) administered intravenously.
Apparatus
Each rat was trained in one of 12 identical operant chambers (MED Associates, St. Albans, Vermont, USA) described by Twining et al. (2009) . Each chamber measured 30.5 cm in length Â 24.0 cm in width Â 29.0 cm in height, and was individually housed in a lightattenuated and sound-attenuated cubicle. The chambers consisted of a clear Plexiglas top, front, and back wall. The side walls were made of aluminum. Grid floors consisted of 19 4.8-mm stainless steel rods, spaced 1.6 cm apart (center-to-center). Each chamber was equipped with three retractable sipper spouts that enter through 1.3-cm-diameter holes, spaced 16.4 cm apart (center-tocenter). A stimulus light was located 6.0 cm above each tube. Each chamber was also equipped with a house light (25 W), a tone generator (Sonalert Time Generator, 2900 Hz; Mallory, Indianapolis, Indiana, USA), and a speaker for white noise (75 dB). Cocaine reinforcement was controlled by a lickometer circuit that monitored empty spout licking to operate a syringe pump (Model A, Razel Scientific Instruments, Stamford, Connecticut, USA). A coupling assembly attached the syringe pump to the catheter assembly on the back of each rat and entered through a 5.0-cm diameter hole in the top of the chamber. This assembly consisted of a metal spring attached to a metal spacer with Tygon tubing inserted down the center, protecting the passage of the tubing from rat interference. The tubing was attached to a counterbalanced swivel assembly (Instech, Plymouth Meeting, Pennsylvania, USA) that, in turn, was attached to the syringe pump, which operated at a rate of 3.33 rpm. Events in the chamber and collection of data were controlled on-line with a Pentium computer that used programs written in the Medstate notation language (MED Associates).
Drug preparation
Individual 20-ml syringes were prepared for each selfadministration chamber before each daily session by diluting 2.0 ml of cocaine HCl stock solution (1.24 g cocaine HCl + 150 ml saline) with 18.0 ml of heparinized saline (0.1 ml 1000 IU heparin/60.0 ml saline) for a dose of 0.167 mg/infusion. This relatively low dose was chosen to allow for this initial assessment of the effects of environmental enrichment on the acquisition of cocaine self-administration over trials.
Data collection
Habituation, self-administration training, and progressive ratio (PR) testing were conducted during the light phase of the light/dark cycle.
Habituation procedure and spout training
After 9 days of being housed under either the non-EE condition or the EE condition with social partners only, followed by an additional 3 days with the addition of novel objects for the EE groups, rats were habituated to the operant chambers for 1 h/day for 2 days before the beginning of self-administration training. During this time, each rat was maintained on a water-deprivation regimen in which they received 1-h daily access to water in the operant chamber from the right spout during the habituation session and 25.0 ml of water in the home cage overnight. Thereafter, rats were returned to free access to water for the duration of the study.
Self-administration training procedure
Self-administration training began immediately following the 2-day habituation phase. See Fig. 1 for a summary of behavioral training and experimental testing. Each rat was trained during daily 65-min sessions for 14 days. Specifically, rats were placed in the operant chambers in darkness. Immediately upon initiation of the 65-min session, the white noise was turned on, the left spout, containing 0.15% saccharin, advanced into the chamber, and the house light was illuminated. Rats were then given 5 min to freely consume the saccharin solution. Following the 5-min saccharin access period, the left spout retracted and the empty center and empty right spouts advanced into the chamber. The cue light above the empty right spout was illuminated. Rats were then allowed to self-administer cocaine (non-EE: n = 46; EE: n = 22) or saline (non-EE: n = 13; EE: n = 9) for 60 min. The number of rats under the non-EE cocaine condition was increased to better characterize the normal motivation to self-administer the 0.167 mg/infusion dose of cocaine. The right spout was termed the 'active' spout, Enrichment and cocaine self-administration Puhl et al. 45 whereas the center spout was termed the 'inactive' spout. A fixed ratio (FR)10 schedule of reinforcement was implemented initially (trials: 1-10). During this time, completion of 10 licks on the empty 'active' spout was followed by a single intravenous infusion of 0.167 mg cocaine or saline over 6 s. Drug or saline delivery was signaled by offset of the stimulus light, retraction of the 'active' spout, and onset of the tone and house light. The tone and house light remained on for a 20-s timeout period, during which time no drug was available. Responding on the 'inactive' spout was without consequence throughout each session. During the final 4 days of training (trials: 11-14), the reinforcement schedule was increased to an FR20 to better dissociate active and inactive responding. Following each self-administration training session, the rats were returned to their home cages. Saccharin intake, infusion number (across trials and terminal), and the terminal latency to self-administer the first infusion were measured. Saccharin intake was analyzed across trials, and during terminal access (i.e. averaged from the final 2 days of FR training).
Progressive ratio testing
In addition to FR training, a PR schedule of reinforcement was implemented to test the impact of environmental enrichment on the reinforcing efficacy of cocaine. Thus, following the final day of FR20 training, two PR tests were conducted on 2 consecutive days. During PR testing, rats were placed in the operant chambers with conditions identical to those of self-administration training (including the initial 5-min saccharin access period), except that the number of active responses required to receive each infusion progressively increased by a multiple of five for up to 10 infusions (1, 1 + 5 = 6, 6 + 10 = 16, 16 + 15 = 31, 31 + 20 = 51, 51 + 25 = 76, 76 + 30 = 106, 106 + 35 = 141, 141 + 40 = 181, 181 + 45 = 226) . Thereafter, the number of required responses increased by 50 for each successive infusion (226 + 50 = 276, 276 + 50 = 326, 326 + 50 = 376, etc.) . We have used this schedule previously and found it to distinguish effectively between low and high drug-taking rats (Puhl et al., 2009) . During this PR session, rats were allowed to self-administer cocaine (0.167 mg/infusion) until a period of 30 min elapsed without receipt of an infusion. The break point (the highest ratio completed) was measured.
Data analysis
All data were analyzed with Statistica (StatSoft, Tulsa, Oklahoma, USA) using mixed factorial and one-way analysis of variance (ANOVA) tests. Fisher least significant difference post-hoc tests were conducted on significant ANOVAs, when appropriate, with a set at 0.05.
Results
Saline/cocaine self-administration Consistent with previous findings (Grigson and Twining, 2002; Puhl et al., 2009; Twining et al., 2009) , two subpopulations of rats emerged during self-administration training: low drug-takers (non-EE: n = 34; EE: n = 21) and high drug-takers (non-EE: n = 12; EE: n = 1). These groups were identified by calculating the mean number of cocaine infusions self-administered during the final 2 days of self-administration training (trials: 13-14 on the FR20 schedule of reinforcement) and then by determining the clearest group-division point among the means. In this case, all rats that had a mean greater than or equal to nine infusions were defined as high drug-takers. Those that had a mean less than nine infusions were defined as low drug-takers. The identification of such a small number of high drug-takers, relative to our previous findings in non-EE rats, is likely due, primarily, to the low dose of cocaine used. Previously published studies from our laboratory used a 0.33 mg/infusion dose of cocaine, which is twice that of this study (Grigson and Twining, 2002; Puhl et al., 2009; Twining et al., 2009) . That said, we did find greater acquisition of self-administration of this low dose of cocaine in unpublished studies where the singly housed rats were given 5-min access to 0.15% saccharin followed by either 1-h or 1.5-h daily access to cocaine (Cason and Grigson, manuscript in preparation; Nyland et al., manuscript in preparation). Regardless, in this study, only one out of 22 rats (5%) under the EE condition fell into the high drug-taking group, compared with 12 out of 46 rats (26%) under the non-EE condition. Given that there was only one high drug-taking rat under the EE condition, the data from that rat are mentioned in the text, but are excluded from the statistical analyses and are not depicted in the figures.
Cocaine intake across trials
Given the individual differences in cocaine self-administration, and our experience with such individual differences (Grigson and Twining, 2002; Puhl et al., 2009; Twining et al., 2009) , intake of cocaine was analyzed accordingly. Thus, the number of cocaine infusions self-administered across trials was analyzed using a 5 Â 14 mixed factorial ANOVA varying group (non-EE Sacc-Sal, non-EE Sacc-Coc Low, non-EE Sacc-Coc High, EE Sacc-Sal, or EE Sacc-Coc Low) and trials (1-14; see Fig. 2) . A significant main effect of group was found [F(4,84) = 8.95, P < 0.01]. Post-hoc tests indicated that, overall, non-EE high drug-takers selfadministered more infusions than all other groups (i.e. non-EE and EE low drug-takers and non-EE and EE saline rats; P < 0.01), which did not differ from one another.
Neither the main effect of trials nor the group Â trials interaction was significant [F(13,1092) = 1.56, not significant and F(52, 1092) = 0.99, not significant, respectively]. Given the clear difference in drug-taking across trials between non-EE high drug-takers and the other groups, post-hoc tests were conducted on the nonsignificant group Â trials measure, which verified that non-EE high drug-takers, in fact, self-administered more infusions than all other groups across each of the 14 trials (P < 0.02). As stated, the single high drug-taker under the EE condition was excluded from the analysis. This rat self-administered an average of 19 infusions/trial.
Terminal number of infusions
A one-way ANOVA conducted on the terminal (averaged across trials 13-14) number of infusions revealed a similar pattern. Thus, the post-hoc test of a significant main effect of group [F(4,84) = 38.55, P < 0.01] indicated that non-EE high drug-takers self-administered many more infusions than all other groups (P < 0.01), which did not differ from one another (see Fig. 3 ). The single outlying high drugtaker under the EE condition, in contrast, took 33 infusions of cocaine during the terminal acquisition phase. The mean ( ± SEM) number of infusions self-administered across trials by rats housed under the EE condition in the Sacc-Sal (white circles) or the Sacc-Coc Low (black circles) group. *Statistical significance (P < 0.02) compared with all other groups (Non-EE Sacc-Sal, Non-EE Sacc-Coc Low, EE Sacc-Sal, and EE Sacc-Coc Low). Coc, cocaine; Sacc, saccharin; Sal, saline.
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Terminal latency to first infusion
A similar pattern was obtained with the latency data. A oneway ANOVA conducted on the terminal (averaged across trials: 13-14) latency to make the first infusion revealed a significant main effect of group [F(4,84) = 11.05, P < 0.01]. Post-hoc tests indicated that non-EE low drug-takers were significantly slower to self-administer their first cocaine infusion compared with non-EE saline rats and non-EE high drug-takers (P < 0.01; see Fig. 4a ). The non-EE saline rats and non-EE high drug-takers, in contrast, were quick to self-administer the first infusion and the latency did not differ between the two groups. Like the non-EE low drugtakers, the EE low drug-takers were also slower to selfadminister their first cocaine infusion compared with EE saline controls (P < 0.01; see Fig. 4b ). The EE low drugtakers were also slower to self-administer their first cocaine infusion than the non-EE high drug-takers and the non-EE saline rats. Interestingly, enrichment significantly increased the latency to self-administer the first infusion in low drugtakers (i.e. EE low drug-takers were slower to selfadminister their first infusion than non-EE low drug-takers; P <0.03). Again, it was not possible to compare the performance of the low drug-takers under the EE condition with the single high drug-taker. This rat initiated the first drug infusion with a very short latency (186.6 s).
Progressive ratio testing Break point
Performance during PR testing matched that obtained during FR training (see Fig. 5 ). A one-way ANOVA conducted on the number of infusions self-administered during the final PR test revealed a significant main effect of group [F(4,84) = 11.57, P < 0.01]. Post-hoc tests indicated that non-EE high drug-takers responded with significantly higher break points than all other groups (P < 0.01), which did not differ from one another. The single outlying EE high drug-taker also exhibited a high break point (33 infusions).
Saccharin intake Saccharin intake across trials
Given the individual differences in cocaine self-administration, intake of the saccharin cue was analyzed accordingly. A 5 Â 14 mixed factorial ANOVA varying group (non-EE Sacc-Sal, non-EE Sacc-Coc Low, non-EE Sacc-Coc High, EE Sacc-Sal, or EE Sacc-Coc Low) and trials (1-14) revealed a significant main effect of group [F(4,84) = 7.40, P < 0.01]. Post-hoc tests indicated that, overall, non-EE high drug-takers drank less saccharin than non-EE saline rats (P < 0.01). Whereas non-EE high drugtakers also tended to drink less saccharin than non-EE low drug-takers, this difference did not attain statistical significance. Similarly, EE low drug-takers drank less saccharin than EE saline rats (P < 0.01; see Fig. 6a ). In addition, although enrichment tended to decrease saccharin intake (i.e. EE saline rats tended to drink less saccharin than non-EE saline rats), this difference also did not attain statistical significance (see Fig. 6a) . A significant main effect of trials was also found [F(13,1092) =42.97, P < 0.01], indicating that saccharin intake increased across trials, overall. Finally, a significant group Â trials interaction was revealed [F(52,1092) = 4.78, P < 0.01]. Post-hoc tests indicated that non-EE low and high drug-takers drank less saccharin than non-EE saline rats in trials 5-14 (P < 0.05) and non-EE high drug-takers drank less saccharin than non-EE low drugtakers in trials 9-14 (P < 0.02; see left panel of Fig. 6a ). This finding replicates the pattern obtained in low and high drugtakers when using our more standard 0.33 mg/infusion dose of cocaine. Likewise, EE low drug-takers drank less saccharin than EE saline rats in trials 4-14 (P < 0.05; see right panel of Fig. 6a ). In addition, EE low drug-takers drank less than non-EE saline rats in trials 5-14 (P < 0.03). Also, non-EE low drug-takers drank less saccharin than EE saline rats in trials 4-5, 8-9, and 11-14 (P < 0.05), and non-EE high drugtakers drank less saccharin than EE saline rats in trials 5, 7-14 (P < 0.03). However, there were no statistically significant differences in saccharin intake between EE low drug-takers and non-EE low or high drug-takers. Finally, EE saline rats drank less than non-EE saline rats in only a single trial (trial: 10; P = 0.05).
Terminal saccharin intake
A one-way ANOVA conducted on terminal saccharin intake (averaged across trials: 13-14) also revealed a significant main effect of group [F(4,84) = 7.30, P < 0.01]. Post-hoc tests indicated that non-EE high drug-takers exhibited lower terminal saccharin intake than non-EE low drugtakers (P < 0.05) and non-EE saline rats (P < 0.01; see left panel of Fig. 6b ). In addition, non-EE low drug-takers exhibited lower terminal saccharin intake than non-EE saline rats (P < 0.01). Likewise, EE low drug-takers exhibited lower terminal saccharin intake than EE saline rats (P < 0.02; see right panel of Fig. 6b ). In addition, EE low drug-takers exhibited lower terminal intake than non-EE saline rats (P < 0.01); however, there was no significant difference between EE low drug-takers and non-EE low or high drug-takers. Also, there was no significant difference between non-EE saline rats and EE saline rats. Together, the data indicate that environmental enrichment had no effect on intake of the drug-associated saccharin cue. Like the non-EE low drug-takers, EE low drug-takers selfadministered relatively little drug, but still avoided intake of the saccharin cue that predicted its availability.
General discussion
Consistent with previous findings with male SpragueDawley rats (Grigson and Twining, 2002; Piazza et al., 1989 Piazza et al., , 2000 Puhl et al., 2009 ), individual differences in responding for cocaine were evident among our subjects. Specifically, we were able to identify two subpopulations of rats on the basis of their terminal cocaine intake: low drug-takers (n = 55) and high drug-takers (n = 13). Surprisingly, whereas these differences were clearly evident among rats under the non-EE condition (approximately 26% of the rats under the non-EE condition proved to be high drug-takers), only one rat from the EE condition (approximately 5%) fell into the high drugtaking group. Thus, in general, rats under the EE condition that had the opportunity to self-administer cocaine failed to acquire the behavior. Indeed, when examining their behavior, most rats housed in the EE performed like low drug-takers housed under the nonenriched condition. They self-administered very few infusions on the FR schedule of reinforcement, they were slow to take their first infusion, and when tested on the PR schedule of reinforcement, they failed to work for cocaine (see Table 1 ). These PR data suggest that exposure to an EE, even for a relatively short period of time in adulthood (and, in this case, during the same timeframe as the acquisition of cocaine self-administration training), may decrease the perceived incentive reward value of cocaine as hypothesized, and, ultimately, prevent acquisition of drug-taking behavior. To the Mean ( ± SEM) saccharin intake (licks/5 min). (a) Left panel. The mean ( ± SEM) saccharin intake (licks/5 min) across trials for rats housed under the Non-EE condition in the Sacc-Sal (white circles), the Sacc-Coc Low (black circles), or the Sacc-Coc High (black triangles) group. *Statistical significance (P < 0.05) compared with Non-EE Sacc-Coc Low and Non-EE Sacc-Coc High and #Statistical significance (P < 0.02) compared with Non-EE Sacc-Coc High. Right panel. The mean ( ± SEM) saccharin intake (licks/5 min) across trials for rats housed under the EE condition in the Sacc-Sal (white circles) or the Sacc-Coc Low (black circles) group. *Statistical significance (P < 0.05) compared with EE Sacc-Coc Low. (b) Left panel. The mean ( ± SEM) terminal (trials 13-14) saccharin intake (licks/5 min) for rats housed under the Non-EE condition in the Sacc-Sal (white bar), the Sacc-Coc Low (light gray bar), or the Sacc-Coc High (dark gray bar) group. *Statistical significance (P < 0.05) compared with Non-EE Sacc-Sal and Non-EE Sacc-Coc Low and #Statistical significance (P < 0.01) compared with Non-EE Sacc-Sal. Right panel. The mean ( ± SEM) terminal (trials 13-14) saccharin intake (licks/5 min) for rats housed in the EE in the Sacc-Sal (white bar) or the Sacc-Coc Low (light gray bar) group. *Statistical significance (P < 0.02) compared with EE Sacc-Sal. Coc, cocaine; Sacc, saccharin; Sal, saline. authors' knowledge, this is the first study to examine the impact of adulthood environmental enrichment on the acquisition of drug-taking behavior.
In addition to hypothesizing that rats under the EE condition would exhibit reduced acquisition of drug intake compared with rats under the non-EE condition, we also hypothesized that rats under the EE condition would not devalue the saccharin cue that had been paired with the opportunity to self-administer cocaine. Specifically, we hypothesized that housing under the EE condition would reduce cocaine-induced devaluation of the saccharin cue because, at the very least, cocaine itself would lose some of its incentive value. As summarized above, it certainly appears that cocaine lost some of its incentive value for rats housed under the EE condition. Even so, EE rats under the saccharin-cocaine condition significantly avoided intake of the drug-associated saccharin cue, relative to intake by the saline-treated EE controls, and the level of suppression of CS intake did not differ from that of the non-EE low drug-takers. This pattern of data may suggest that housing under the EE condition may have blunted the perceived incentive value of both the sweet and the drug, with the perceived relative differences between the two rewards remaining intact. This general conclusion is consistent with the trend for lower saccharin intake in the saline-treated EE rats and with other reports showing that environmental enrichment can cause a decrease in sucrose consumption (Brenes and Fornaguera, 2008) , attenuate cue-induced reinstatement of sucrose seeking (Grimm et al., 2008) , and decrease responding for other nondrug rewards, such as novel environmental stimuli (Cain et al., 2006) .
Whereas it is possible that rats housed in the EE may continue to exhibit drug-induced devaluation of the taste cue, despite minimal responding for drug, an alternative explanation must be considered. Specifically, rats under the EE condition may continue to suppress intake of the taste cue because the drug-associated cue elicits potent drug cravings and withdrawal, despite a history of very low drug-taking behavior. This consideration is possible, but seems unlikely given previous data linking cue-induced craving and withdrawal with a very short latency to self-administer the drug when given the opportunity (Wheeler et al., 2008) . Data from this study show that all rats housed under the EE condition, except for one, had very long latencies to self-administer cocaine. This is opposite to the rapid 'correction' (i.e. rapid self-administration) that might be expected were the rats under the EE condition to be experiencing high levels of cueinduced craving and withdrawal.
As such, we conclude that environmental enrichment can reduce responding to the absolute reinforcing properties of sweets and drugs, but that housing in an EE has little overall impact on responding to relative reward properties. Consequently, we must also conclude that while little drug is taken, the drug continues to have value for the EE rats and that anticipation of drug availability serves to devalue the taste cue. Such a conclusion is interesting as Puhl et al. (2009) showed that rats with a history of low drug-taking seek similar high drug-takers when the expected drug is omitted during extinction testing. Low drug-takers, then, are not unmotivated. Instead, they are well motivated, but to take only a small amount of drug. It is possible, then, that the low drugtakers, even under the EE condition, have some level of motivation for the 0.167 mg/infusion dose of cocaine and that the low level of motivation is revealed by avoidance of the taste cue. Another hypothesis is that all low drugtakers (regardless of housing condition) find the drug aversive and, as such, avoid intake of the taste cue because of an effect more akin to a traditional conditioned taste aversion. Further testing is required to test the merits of these alternative hypotheses. However, we must conclude here that housing under the EE condition facilitated a 'protected' (i.e. low drug-taking) state in nearly all rats housed under that condition.
The composition of one's surrounding environment and the value (i.e. negative or positive) of the stimuli that make up that environment have very powerful effects on drug-seeking and drug-taking behaviors. The protective effects of environmental enrichment may be attributed to a number of potential hormonal, neural, cellular, and/or molecular changes. In mice, environmental enrichment has been shown to exert several effects on gene expression in the striatum. It causes a reduction in cocaine-induced expression of the immediate early gene zif-268 in the nucleus accumbens (Solinas et al., 2008b) , and also affects levels of several genes involved in synaptic plasticity, such 
An increase in magnitude of the behavioral parameter is shown by m, whereas a decrease in magnitude of the behavioral parameter is shown by k. Coc, cocaine; FR, fixed ratio; PR, progressive ratio; Sacc, saccharin; Sal, saline.
Enrichment and cocaine self-administration Puhl et al. 51 as protein kinase C l and mitogen-activated protein kinase kinase kinase 12 . In addition, environmental enrichment results in higher baseline levels of DFos B in the striatum, but abolishes the increase in DFos B stimulated by repeated cocaine self-administration (Solinas et al., 2008b) . Mice housed in an EE are resistant to the locomotor effects of cocaine and also express a lower number of dopamine transporter proteins in the striatum compared with mice housed in a standard environment (Bezard et al., 2003) . In rats, environmental enrichment causes a decrease in baseline levels of coricosterone (Belz et al., 2003; Welberg et al., 2006) and adrenocorticotropic hormone (Belz et al., 2003) , a decrease in the expression of dopamine transporter proteins in the medial prefrontal cortex (Zhu et al., 2005) , an increase in the binding of serotonin in the forebrain (Hellemans et al., 2005) , and a decrease in CREB activity in the nucleus accumbens (Green et al., 2010) . Environmental enrichment also causes an increase in cortical weight and thickness (Bennett et al., 1969; Diamond et al., 1972) , an increase in neuronal densities (Turner and Greenough, 1985) , an increase in dendritic growth and branching (Volkmar and Greenough, 1972; Wallace et al., 1992) , and the maintenance of a greater number of synaptic connections in the rat visual cortex (Briones et al., 2004) .
Of course, exposure to a sweet is also a type of enrichment. Although little is known about the underlying cellular and molecular mechanisms by which it may be protective, we do know that prior exposure to a sweet can fully prevent the dopamine peak in the nucleus accumbens that typically accompanies the first systemic injection of morphine (Grigson and Hajnal, 2007) . Furthermore, exposure to a sweet appears to reduce responsiveness to the drug in mice that over-express DFos B (Freet et al., 2009) . As such, the inclusion of the sweet cue in this report may have contributed to the reduction in responding to the low dose of cocaine in both the non-EE and the EE rats. That said, the availability of the saccharin reward and the sample rat populations were identical for the non-EE and the EE subjects. Consequently, differences obtained between these two groups must be attributed to the differences in housing conditions. As described, when housed in the EE, only one rat out of 22 (approximately 5%) acquired selfadministration to the 0.167 mg/infusion dose of cocaine. Environmental enrichment (novel objects and/or companions), then, appears to be highly protective even in the adult rat. Of course, this finding was obtained with a relatively low dose of the drug. More elaborate EE conditions may be necessary to prevent acquisition of drug-taking behavior when using higher doses of drug (Nithianantharajah et al., 2008; Chauvet et al., 2009) . This remains to be tested.
Whereas the EE conditions were no doubt enriching, we also must consider the likelihood that 'standard' housing conditions are, in fact, impoverished for rats. As such, these data also have implications for most of the selfadministration data obtained in adult rats in our laboratory and others. Furthermore, given conditions commonly used for human rehabilitation from drug abuse (e.g. correctional facilities and some rehabilitation clinics), these data also have implications for the prevention and treatment of addiction in humans. If these environments are, in fact, impoverished, they may be inadvertently acting counterproductively to the goals of treatment. This is a critical point, given the data suggesting that nearly 70% of those in prison are incarcerated because of drug-related crimes (National Institute on Drug Abuse, 2006). Indeed, data showing improved abstinence in non incarcerated humans 'working' (i.e. maintaining abstinence) to earn tokens for natural rewards (Higgins et al., 1993; Garcia-Rodriguez et al., 2009) indicate that active implementation of environmental enrichment may significantly improve the prognosis for substance-dependent individuals undergoing some form of rehabilitation.
